Context. The variable pre-white dwarf PG 1159 stars (GW Vir) are g-mode non-radial pulsators. Asteroseismology puts strong constraints on their global parameters and internal structure. PG 0122+200 defines the red edge of the instability strip and its evolutionary timescale is predicted to be dominated by neutrino emission. Its study offers the opportunity to better understand the instability mechanism and to validate the physics of the neutrino production in dense plasma. Aims. To achieve such a goal requires determining precisely its fundamental parameters. This is the goal of this paper. Methods. We present new multi-site photometric observations obtained in 2001 and 2002. Together with previous data, they allow us to detect 23 frequencies, composed of 7 triplets and 2 single frequencies, which are used to constrain its internal structure and derive its fundamental parameters. Results. All the observed frequencies correspond to = 1 g-modes. The period distribution shows a signature of mode trapping from which we constrain the He-rich envelope mass fraction to be -6.0 ≤ log(q y ) ≤ −5.3. The comparison of the mode trapping amplitudes among GW Vir stars suggests that the mass-loss efficiency must decrease significantly below T eff ≤ 140 kK. We measure an average period spacing of 22.9 s from which we derive a mass of 0.59 ± 0.02 M . From the triplets we measure a mean rotational splitting of 3.74 µHz and a rotational period of 1.55 days. We derive an upper limit to the magnetic field of B ≤ 4 × 10 3 G. The luminosity (log L/L = 1.3 ± 0.5) and the distance (D = 0.7 +1.0 −0.4 kpc) are only weakly constrained due to the large uncertainty on the spectroscopically derived surface gravity and the absence of a measured parallax. Conclusions. From the asteroseismic mass, the ratio of the neutrino luminosity on the photon luminosity is 1.6 ± 0.2 confirming that the PG 0122+200 evolutionary time scale should be dominated by neutrino cooling. A measurement ofṖ for the largest amplitude untrapped modes should verify this prediction.
Introduction
The PG 1159 stars form an evolutionary link between the central stars of planetary nebulae and the white dwarf cooling sequence. A fraction of the PG 1159 stars does pulsate and constitutes the subgroup of the GW Vir type of variable stars. The asteroseismology of these variable stars provides invaluable insight on their internal structure and evolutionary status. Among the four known GW Vir stars, which have all been studied with the Whole Earth Telescope network (WET; Nather et al. 1990 ), PG 0122+200 is the coolest one. Its atmospheric parameters T eff = 80 000 K ± 4000 K, log g = 7.5 ± 0.5, and abundances (C/He = 0.3, C/O = 3, N/He = 10 −2 by numbers) are typical of the GW Vir stars (Dreizler & Heber 1998) . At this effective temperature, PG 0122+200 presently defines the red edge of the GW Vir stars. O'Brien et al. (1998) have shown that at this phase of their evolution, the pre-white dwarfs cool predominantly through neutrino losses. The ratio of the neutrino luminosity over the photon luminosity could be as large as 2.5 in PG 0122+200, if its mass is 0.66 M . In PG 1159-035, at T eff = 140 000 K, this ratio is only of the order of 0.1. This makes PG 0122+200 of particular interest to study neutrino physics if one could measure its cooling rate from asteroseismology. However, the predicted neutrino luminosity depends on the total mass, which can be determined precisely in principle from asteroseismology.
Determining the mass of a non-radial g-mode pulsator relies on the period spacing and on the correct identification of the degree of the modes. After the discovery of its pulsations (Bond & Grauer 1987) , PG 0122+200 was observed in 1986 (O'Brien et al. 1996) , in 1990 (Vauclair et al. 1995) and was the priority target of a WET campaign in 1996 (O'Brien et al. 1998) . From the accumulated periods observed during these three campaigns, it was not possible to determine unambiguously its period spacing. Both 16 s and 21 s could fit almost equally well the observed period distribution. The amplitude variations which make the amplitude of some modes to fall below the detection limit sometimes favor the 16 s period spacing and sometimes favor the 21 s one. As a period spacing of about 21 s was measured unambiguously at that time in the two well studied GW Vir stars PG 1159-035 (Winget et al. 1991) and PG 2131+066 (Kawaler et al. 1995; Reed et al. 2000) as well as in the pulsating central star of the planetary nebula NGC 1501 (Bond et al. 1996) , this value was preferred for PG 0122+200. This choice was reinforced later by the value of 21.6 s measured in RX J2117+3412 (Vauclair et al. 2002) and of 23.0 s measured in PG 1707+427 (Kawaler et al. 2004 ). We were however urged to determine the period spacing in PG 0122+200 on firmer basis. The mass deduced from a 16 s period spacing is in excess of 0.75 M while it is 0.68 M for a 21 s period spacing, for = 1 modes. This difference translates in a substantial difference in the neutrino luminosity, and consequently on the cooling time scale. The ambiguity was partly left in favor of 21 s after the observational campaign of 1999 (Vauclair et al. 2001 ) which revealed some new pulsation modes. However, the derived period spacing was determined from only 4 complete triplets, after accumulating the data from 1986 to 1999. Since we were pursuing the observations of PG 0122+200 aiming at aṖ measurement, we are now able to anchor its mass determination on firmer basis by adding new observational data obtained since 1999. In this paper, we present in Sect. 2 the new observations obtained in 2001 and 2002 . In Sect. 3 we derived the main parameters of PG 0122+200 from asteroseismology. Section 4 summarizes our results.
Observations and data reduction
PG 0122+200 (BB Psc) was observed in October and December 2001 and October 2002. The goal of having two observing campaigns in 2001 separated by only two months was to improve the precision of the frequency determinations. Tables 1 and 2 give the journals of the campaigns for October and December, 2001, respectively. In October 2001, we observed PG 0122+200 for 9.8 days, leading to a formal frequency resolution of 1.2 µHz, with a duty cycle of 21%. In December 2001, the star was observed for a longer period of 16.6 days, leading to a formal frequency resolution of 0.7 µHz, but with a lower duty cycle of 15%. The star has been reobserved in October 2002. Table 3 gives the journal of the observations. With a campaign of 12.5 days, the achieved formal frequency resolution is 0.93 µHz and the duty cycle is 43.5%. Most of the data come from CCD-photometers which use a 30 s observing cycle. For the data obtained from multi-channel PMT-photometers, we summed the data points so as to have a similar sampling rate of 30 s. Between 3 and 6 comparison stars and 2 sky background fields are currently used in CCDphotometry. For the PMT-photometers, one comparison star and one sky background field are measured. Since our aim was to detect as many modes as possible in the power spectrum of the light curves, including small amplitude ones, we have been very conservative in selecting only the best data to construct the final light curves used for the frequency analysis. For this reason, some of the runs listed in Tables 1-3 have not been included in the final light curves , either because the data were too poor due to bad observing conditions or technical problems, or were overlapping with better data obtained from the other runs, or were not of adequate signal/noise ratio. We used the Period04 software (Lenz & Breger 2005) to analyse the light curves and derive the frequencies, amplitudes and phases of the peaks in the Fourier transforms. Since the purpose of having two campaigns in 2001 separated by two months was to improve the frequency resolution and to get higher precision on the frequencies, we performed the Fourier transform of the combined light curves of the two runs. The resulting amplitude spectrum is shown in Fig. 4 on the frequency range between 500 µHz and 4500 µHz. The average noise level is about 0.5 mma. The amplitude spectrum of a sinusoidal function sampled at the same rate as the data and having an amplitude equal to unity when there are data and equal to zero in the gaps (the window function) is also shown on the same scale. Figure 5 shows the same amplitude spectrum and window function on an enlarged frequency scale covering the range 2000-3200 µHz.
The amplitude spectrum of the October 2002 light curve is shown in Fig. 6 with the corresponding window function. For this run the noise level varies between 0.3 and 0.2 mma. An extended amplitude spectrum is shown in Fig. 7 covering the frequency range from 1400 µHz to 3200 µHz with the corresponding window function on the same scale.
For each of the peaks extracted by Period04, we computed the False Alarm Probability (FAP; Scargle 1982) for that peak to be due to noise. As can be seen from Figs. 4 and 6, the noise level is almost constant in the frequency domain where signal is present. We used the average value of the noise in the frequency interval 500-4500 µHz to estimate the FAP for one peak to be due to noise in the frequency range from 0 to the Nyquist frequency. For the amplitude spectrum of the combined data of 2001, we estimate that any peak of signal over noise ratio (S /N) ≥ 4.30 has a probability lower than 10 −3 to be due to noise. This probability decreases to less than 10 −4 for peaks with S /N ≥ 4.56. For the 2002 data, the FAP for one peak to be due to noise is lower than 10 −3 for S /N ≥ 4.1. It is lower than for the 2001 combined data since there are a smaller number of independent points in the frequency spectrum. In the following, we adopt a conservative selection criterion and keep as significant frequencies only those with a: FAP ≤ 10 −3 . The list of the significant frequencies, with their amplitude and phase, is given in Table 4 , with their uncertainties. These uncertainties are the formal errors derived from the non-linear least-squares fits as performed by the Period04 software. We note that the combined 2001 runs allow us to determine the frequencies with an accuracy better by factor 2 to 8 compared to the 2002 run. This is at the expense of the noise since the duty cycle of the 2001 combined campaigns is much lower than the duty cycle of the 2002 campaign. This is reflected in the smaller number of significant frequencies detected in 2001, since the smaller amplitude peaks are not selected, and in the larger uncertainty on the amplitude, by a factor of 2. However, we checked that some of the frequencies significantly present in the 2002 data are also in the 2001 data below the detection limit. This is the case for the 2627 µHz and 2634 µHz peaks which are added in Table 4 for the 2001 data and marked with a colon. During these observing runs, the light curve was dominated by the 2497 µHz frequency. That was also the dominant frequency in all previous observing runs. Changes in the amplitude are noticeable on this one year timescale for the peaks at 2137 µHz and at 2221 µHz.
Period distribution and fine structure
The amplitude spectrum of PG 0122+200 derived from these new observations is very similar to those obtained during previous campaigns. There are a few changes in the amplitudes which allow us to complete the multiplets in many cases. This helps identifying the degree of the pulsation modes and constraining the model, as discussed below. The stability of the frequency spectrum gives us confidence in the possibility to derive the evolutionary time scale of PG 0122+200 through theṖ measurement of at least one of its periods. It may be noticed also that there is no linear combination of frequencies detected, which suggests that all the significant peaks may be identified with real pulsation modes. Power is present in a rather narrow frequency range, between ≈1630 µHz and 2970 µHz, i.e. between ≈610 s and 336 s. Examination of Table 4 reveals the presence of 7 multiplet structures, plus a couple of single frequencies, within this frequency range. In the following, we discuss the fine structure detected in the spectrum. When one frequency is obtained from the 2001 combined campaigns, we select that value of the frequency since the resolution of the combined runs of 2001 is better. Otherwise, we use the frequencies derived from the 2002 data or from an earlier multi-site campaign data when they allow us to complete a multiplet. In those last cases, the raw data of previous campaigns have been reanalyzed by using Period04 for homogeneity of the data reduction.
The two frequencies at 1632.9 µHz and 1636.2 µHz seen in 2002 are two components of a triplet whose third component is present at 1640.3 µHz in the 1999 data (Vauclair et al. 2001) and at 1640.5 µHz in the 1996 data (O'Brien et al. 1998) . The m = 0 component of this triplet was predicted at 1636.52 µHz from the frequencies observed by Vauclair et al. (2001) for the presumably m = ±1 components. It is detected here for the first time at 1636.248 µHz.
The three frequencies around 1772 µHz form a complete triplet. The one day alias of its retrograde component may have been present in the 1999 data set (Vauclair et al. 2001 ) and in the 1986 single site data (O'Brien et al. 1996) .
The next two frequencies at 1930.6 µHz and 2020.5 µHz are single frequencies. We will check later whether the proposed period spacing fits the period of these two modes.
The three frequencies around 2133.6 µHz form a complete triplet seen in both 2001 and 2002 campaigns. Only one or two components were detected in previous runs.
The three frequencies around 2224.7 µHz also form a complete triplet seen in all the multi-site campaigns.
The next three frequencies around 2493.8 µHz form a complete triplet which was always present in the multi-site campaigns. It contains the largest amplitude mode at 2497.4 µHz, which noticeably is the prograde (m = +1) component.
The next two frequencies at 2627.0 µHz and 2634.6 µHz are two components of a triplet whose third component was present alone in the 1996 data at 2630.8 µHz (O'Brien et al. 1998) .
Finally, the last three frequencies around 2970.1 µHz form a complete triplet of which only one or two components had been seen before.
As a summary, combining the new data of 2001 and 2002 with some previous multi-site data we are able to identify 7 triplets and 2 single modes in the frequency distribution of PG 0122+200. They are listed in Table 5 .
Rotational splitting and rotation rate
Since all the observed multiplets are triplets, we consider that they correspond to = 1 modes split by rotation. Table 5 lists the frequency differences between the rotationally split components and the central component (Col. 3) for the 7 triplets. The averaged value of the frequency spacings is 3.74 µHz. To the first order in the rotation angular frequency Ω, the frequencies in the rotating case σ k,l,m are related to the frequencies in the non-rotating case σ k,l by: with C k,l = 1/ ( + 1) in the asymptotic regime (Brickhill 1975) . Assuming that it is the case of the pulsations observed in PG 0122+200, we derive an average rotation period of 1.55 days.
This rotation rate lies within the range of rotation periods derived for the other hot pre-white dwarf pulsators, including the variable central stars of the planetary nebulae NGC 1510 (1.17 days; Bond et al. 1996) and RX J2117+3412 (1.16 days; Vauclair et al. 2002) . For the three other GW Vir stars the rotation periods derived from asteroseismology are 1.38 days for PG 1159-035 (Winget et al. 1991) , 0.21 days for PG 2131+066 (Kawaler et al. 1995) and 0.65 days or 1.30 days for PG 1707+427 (in this case only one doublet is seen, which could correspond to δm = 1 or δm = 2; Kawaler et al. 2004 ).
Limit on magnetic field
Considering the frequency spacing between the m = 0 components of the triplets and the m = ±1 components, we find that the prograde splittings (m = +1) are slightly larger, with an average splitting of 3.87 ± 0.2 µHz, than the retrograde (m = −1) splittings which is only 3.61 ± 0.11 µHz in average. The asymmetry of 0.26 µHz is marginally significant (1 × σ). It is however and so on for the subsequent panels. The process is stopped when no additional significant frequency is selected, according to the chosen detection limit. It the present case, the prewhitening process was stopped after 20 steps. The triplet centered on 2493.9 µHz is recoverd after the 8th iteration, the triplet centered on 2224.8 µHz after the 9th iteration. The corresponding peaks are identified with arrows in Fig. 7. 4 × σ of the worst formal error in the frequency determinations listed in Table 4 (for the mode at 1636.248 µHz). If one interprets this frequency splitting difference as due to the effect of a weak magnetic field, we can evaluate what should be the strength of the field, following the approach of Jones et al. (1989) . They note that the splitting due to a weak magnetic field as a function of the unperturbed periods does not vary by more than a factor of 3 for the models they have considered for PG 1159, DBV and DAV typical T eff and for from 1 to 3. Accordingly, we based our estimate of the magnetic field on their figure 1 which is relevant to the DBV model for = 1 modes. At the shortest period observed in PG 0122+200 (336 s), the frequency asymmetry could be explained by a magnetic field of ≈4 × 10 3 G. The constraint on the field could be stronger for the longest period (610 s) but, as mentionned by Jones et al. (1989) , their working hypothesis may not be valid for long periods since the predicted frequency shifts correspond to period differences of the same order as the unperturbed periods, which disagrees with their assumptions. As a conclusion, if the observed frequency asymmetry observed in the triplets components is real and can be attributed to the effect of a magnetic field, the upper limit of that field should be a few 10 3 G. A stronger magnetic field would produce a frequency shift larger than the suspected 1 × σ asymmetry. This value is comparable to the upper limit of 6 × 10 3 G for the strength of the magnetic field in PG 1159-035 (Winget et al. 1991) .
Average period spacing
The triplets observed in PG 0122+200 are = 1 modes. The separation between modes of consecutive order should be equal to the period spacing, or close to its value to account for possible mode trapping. If the observed periods do not correspond to consecutive order modes, their period separation should be approximately a multiple of the period spacing. Examining the periods listed in Table 5 To confirm our hypothesized period spacing in a more objective way, we applied three different methods to the distribution of periods given in Table 5 . We used first the method proposed by Handler et al. (1997) to find regular spacings in data sets. The method consists in computing the spectral window function of a given data set. If a periodic gap is present between most of the data values, a maximum in the spectral window function of the data set will occur at the frequency of this gap, just as single site data that contain daily interruptions will result in a spectral window with a maximum at the one cycle per day alias, and with weaker maxima at its harmonics. We apply next the Kolmogorov-Smirnov test (K-S) as proposed by Kawaler(1988) and then the inverse variance test (IV) proposed by O'Donoghue (1994). The determination of the period spacing in PG 0122+200 has long been ambiguous. We discuss here in details how the ambiguity between the earlier values of 16 s and 21 s occured. In a first step we applied each of the three methods to the seven m = 0 mode periods and in a second step to these seven modes plus the two singlets at 495 and 518 s.
The results are shown in Figs. 9-11 for the Handler's method, the K-S test and the IV test respectively. When applied only to the central modes of the seven multiplets, as shown in the upper panels for each figure, each of those three methods shows that there could be various possibilities for period spacings present: 22.9, 16.0 and 9.5 s. In previous attempts to estimate the period spacing, either 21 s or 16 s was found depending on which modes were present in the data sets analyzed. It is why both values have been discussed earlier in the literature. When the two singlets are added, the ambiguity disappears as shown on the lower panel of the three figures. Now the 22.9 s period spacing clearly dominates, and we can reject the possibility of 16.0 s period spacing. We are thus confident that the modes we list in Table 5 are all = 1, and that they have an average spacing of 22.9 s. Figure 12 shows the linear least-squares fit of the seven m = 0 modes. It confirms the ∆P = 22.9 s period spacing. The two single modes for which one does not know the m value fits nicely the period distribution with that value of the period spacing.
Previous estimates of the period spacing in PG 0122+200 were based on a smaller number of well identified m = 0 modes. In the WET data described in O'Brien et al. (1998) only one triplet was clearly identified and the ∆P was determined from this triplet, two more triplets observed earlier by Vauclair et al. (1995) and single periods of unknown m value. Further data, described in Vauclair et al. (2001) , allowed one to include one more triplet in the ∆P estimate. Here, we use a total number of seven triplets and two singlets. It is worth noting that even the use of the seven triplets may not have been sufficient to derive the period spacing. However, the addition of the two small amplitude singlets is important in fixing the period spacing unambiguously. These two modes at 1930 µHz and 2020 µHz have a S/N ratio of 4.2 and 5.9 respectively in the amplitude Fourier spectrum of our 2002 data, while our detection limit was S /N = 4.1 for a FAP fixed at 10 −3 . We consider that the inferred ∆P is now reliable and can be used for a confident estimate of the stellar global parameters. Its value, 22.9 s is comparable to the period spacing derived for the other pre-white dwarf pulsators of PG 1159 type. In decreasing order of T eff these are: 21.62 s for RX J2117+3412 (Vauclair et al. 2002) , 21.5 s for PG 1159-035 (Winget et al. 1991) , 21.6 s for PG 2131+427 (Kawaler et al. 1995) and 23.0 s in PG 1707+427 (Kawaler et al. 2004) .
Taking the period of the m = 0 mode of the triplet which contains the largest amplitude mode as a reference period, one determines ∆k, the number of orders separating this mode and the other modes detected in PG 0122+200. ∆k is listed in Table 5 together with the azimuthal number m within each triplet.
Mode trapping
The fact that the period separations vary around the average period spacing of 22.9 s with a peak to peak amplitude of ≈5 s may be interpreted as the signature of mode trapping. Unfortunately, the number of missing modes makes difficult to estimate the value of the trapping cycle for PG 0122+200. Knowing the average period spacing, we checked in our data, as well as in archive data, whether the missing modes predicted at periods close to 588 s, 542 s, 428 s and 359 s could be present below our detection limit. We did not find any evidence of peaks at the corresponding frequency with S/N ≥ 2 × σ. Using the available data, we nevertheless attempted to derive some information on the mode trapping. We compared the observed periods to the periods computed by using the average spacing of 22.9 s as derived by the linear least-squares fit shown in Fig. 12 . Figure 13 shows the residuals of the observed period distribution relative to the average period spacing as a function of the period. It shows only one minimum centered on the mode at 449.5 s which should clearly be a trapped mode. There is a hint that the mode at 400 s could define a second minimum, or at least be close to it. Unfortunately, one did not detect the adjacent mode which should be at ≈428 s so that we cannot claim that the 400 s mode is a trapped mode. We note, however, that if this mode was also a trapped mode, the trapping cycle period, defined as the period difference between adjacent trapped modes, would be around 68 s, which corresponds to ≈3 consecutive modes. This may be compared to the trapping cycle period of 83.9 s in RX J2117+3412 and of 80.6 s in PG 1159-035 (Vauclair et al. 2002) . From Kawaler & Bradley's models (Kawaler & Bradley 1994) it is known that the trapping cycle increases with decreasing helium-rich envelope mass fraction, q y , at fixed luminosity (or T eff ) and decreases with decreasing T eff at fixed q y . Combining the dependences of the trapping cycle on q y at constant luminosity on one hand and on T eff at constant q y on the other hand, Vauclair et al. (2002) derived an interpolation formula linking the helium-rich envelope mass fraction, q y , the effective temperature and the trapping cycle, T k , expressed in number of modes:
∆ log(q y ) = 16.93∆ log(T eff ) − 0.61 ∆T k where the symbol ∆ represents the difference of a given parameter between two stars. Here we compare PG 0122+200 with PG 1159-035 whose parameters are T eff = 140 000 K (Dreizler & Heber 1998) , q y = 0.0035 M * (Kawaler & Bradley 1994) and T k = 3.75 (Vauclair et al. 2002) . Taking the suggested trapping cycle of PG 0122+200 at face value as T k = 2.95 we find that the helium-rich envelope mass fraction in PG 0122+200 could be as low as log q y = −6.0. We should keep in mind, however, that this suggestion has to be considered with caution since it is not possible with the present data to prove that the mode at 400 s is a trapped mode. Would the next missing mode predicted at 428 s be the trapped mode instead, we get log q y = −5.3, still much less than in PG 1159-035.
If it is not possible to derive a definitive result on the helium-rich envelope mass fraction, we can make some interesting comparison with the hotter pre-white dwarf pulsators RX J2117+3412 and PG 1159-035 in which the mode trapping is unambiguously identified. The signature of the mode trapping in RX J2117+3412 is rather weak, with a semi-amplitude around the average period spacing for the = 1 modes of only ≈0.8 s (Vauclair et al. 2002) . The variation in the period separations for the = 1 modes in PG 0122+200 is much larger, with a peak to peak amplitude of ≈5 s. This value is similar to the value of ≈6 s observed in PG 1159-035 (Winget et al. 1991) . This suggests that the region of strong µ-gradient, which is due to the chemical transition between the outer He-C-N-O envelope and the C-O interior, is closer to the surface and/or steeper in PG 0122+200 and PG 1159-035, than in RX J2117+3412. This is consistent with the following facts. Mass loss is observed during the hottest phases of the pre-white dwarf evolution, with a rate of −7.4 ≤ logṀ ≤ −7.0 for instance in RX J2117+3412 Koesterke & Werner 1998) . The stars should have expelled a substantial fraction of their He-rich outer layers as they reach the luminosity of PG 1159-035 and a fortiori of PG 0122+200, pushing the transition zone of strong µ-gradient closer to the surface and making the mode trapping more efficient.
The µ-gradient should also be steeper at more advanced phases of the evolution since the gravitational settling of the heavy elements increases the contrast in chemical composition between the regions above and below the transition zone. While the variation with decreasing T eff of the observed C abundance in PG 1159 stars supports this argument, the observed O abundances do not provide any convincing constraint (Werner & Herwig 2006) .
One can also derive some more information from the mode trapping observed in GW Vir stars, compared to the one observed in RX J2117+3412. Most of the variation in the amplitude signature of the mode trapping appears between the T eff = 170 kK for RX J2117+3412 and the T eff = 140 kK for PG 1159-035. There is no significant further variation towards cooler T eff : the peak-to-peak amplitude in the ∆P-vs.-P diagrams are all around 5 s-6 s for PG 1159-035 (≈6 s, Winget et al. 1991) , PG 2131+066 (≈6 s, Kawaler et al. 1995) , PG 1707+427 (≈5.7 s, Kawaler et al. 2004 ) and PG 0122+200 (≈5.2 s, this work). It suggests that the mass-loss efficiency decreases substantially below 140 kK. At cooler T eff , further variation in the mode trapping amplitude (and cycle) should mainly result from the changes in the structure induced by gravitational settling. There may be a hint for such a decreasing amplitude, from PG 1159-035 to PG 0122+200, indicating that the strong µ-gradient zone is becoming deeper as the gravitational settling is processing after the mass loss has stopped. It will be necessary to also measure a trapping cycle in all the GW Vir stars to confirm this suggestion.
The results shown in Fig. 13 suggest some more comments. In considering the amplitudes of the five complete triplets detected in the 2002 data, we note that the largest amplitude mode at 400.4 s belongs to a probably trapped mode, as discussed above. However, there is no clear correlation between amplitude and trapping since the next two largest amplitude modes are untrapped. But we find that for the 3 largest amplitude modes, they all are the prograde component in their respective triplet, while for the next two lower amplitude modes the m = 0 and the retrograde component respectively have the largest amplitude in their triplet. It suggests that there seems to be a correlation between the azimuthal order m and the amplitude.
Finally, it is worth emphasizing that since the largest amplitude mode at 2497 µHz (400.4 s) is a component of a probably trapped mode, or at least close to a trapped mode, itsṖ measurement will provide information on the outer layers contaction timescale, but cannot be useful in determining the cooling timescale of PG 0122+200. The next two largest amplitude modes at 2228 µHz (448.8 s) and at 2973 µHz (336 s) are untrapped modes and should be better indicators of the cooling timescale if one can derive theirṖ.
The single modes
The two single modes at 517.96 s and at 494.92 s fit the expected spacing for = 1 modes. They are two consecutive order = 1 modes. Relatively to the least-squares fit of the period distribution, as shown in Fig. 12 , and adopting the average period spacing of 22.9 s, we find that the expected ∆k = 4 and 5 modes fit the observed periods within 1.9 s and 1.7 s respectively. However, we cannot determine the m value of these components since, at these periods, the rotational splitting induces components separated by only ≈1 s from the m = 0 component and the signature of the rotational splitting may be hidden by the mode trapping.
Mass and luminosity of PG 0122+200
The overall structure parameter Π 0 (see, e.g. Tassoul 1980 ) in pre-white dwarf pulsators is mainly related to the total mass of the stars. However, it also depends weakly on the luminosity and even more weakly on the He-rich envelope mass fraction q y . For this reason one cannot disentangle the mass determination from the luminosity estimate, if one neglects the dependence on q y . From a grid of evolutionary models covering the ranges of interest for these parameters, and their pulsation periods, Kawaler & Bradley (1994) derived an approximate expression for Π 0 = √ ( + 1) × ∆P as a function of the mass, the luminosity and q y , where ∆P is the period spacing measured for the modes of degree . We use this formula, corrected for a sign error in the power of the luminosity dependence , to estimate the mass of PG 0122+200:
Since ∆P has been estimated for the observed =1 modes, we can derive the mass if we also know the luminosity and q y . Due to the very weak dependence of Π 0 on q y , the adopted value for the He-rich envelope mass fraction is not really important here. We choose a value q y = 10 −2 . The luminosity of PG 0122+200 is not known a priori. In the following discussion, we will choose a starting value of the luminosity to determine a first range of value for the mass, then derive a value for the radius from the surface gravity, from which we derive a new estimate for the luminosity. We repeat the process iteratively until it converges.
The interpolation formula of Kawaler & Bradley (1994) has been obtained from models in the luminosity range 1.6 ≤ log(L/L ) ≤ 3.0. The previous estimate of PG 0122+200 luminosity from , log(L/L ) = 0.7, falls outside of this range. We use the interpolation formula nevertheless, to extrapolate the formula towards lower luminosity.
In this iterative procedure, we use the surface gravity, log g = 7.5 ± 0.5, from Dreizler & Heber (1998) . This large uncertainty on log g dominates the uncertainty on the derived luminosity. For this reason, we did not include in our estimate the uncertainty on T eff (±4000 K according to Dreizler & Heber 1998) . The iterative process converges to a mass of M/M = 0.59 ± 0.02 and a luminosity log(L/L ) = 1.3 ± 0.5. The average value of the derived luminosity falls at the lower limit of the range of luminosities that Kawaler & Bradley (1994) considered to obtain their approximate formula. This legitimates our procedure.
The asteroseismologic mass of 0.59 ± 0.02 M falls within the range of masses 0.53 ± 0.1 M determined from spectroscopy by Dreizler & Heber (1998) . Its accuracy is however improved by a factor of 5. The mass of PG 0122+200 is consequently strongly contrained by asteroseismology. The value of 0.58 M that Werner & Herwig (2006) derive from a comparison with the evolutionary tracks of Schönberner (1983) is in better agreement with the asteroseismic value. However, the new evolutionary tracks by Miller Bertolami et al. (2006) puts the PG 0122+200 mass back to the Dreizler & Heber's (1998) value. This is difficult to reconcile with the asteroseismologic value derived from Kawaler & Bradley's (1994) 
Distance
Having determined an approximate value of the luminosity, one can estimate the distance of PG 0122+200. We adopt a bolometric correction of −6.0 ±0.5 from Werner et al. (1991) . Incidently, this value is identical to the value determined for hot DA white dwarfs by Bergeron et al. (1995) which is -6.1 for T eff = 80 kK. Using our own estimate of the V magnitude V = 16.8 ± 0.1 and taking into account the uncertainty on both the luminosity and the bolometric correction, we derive a distance:
We predict an upper limit on the parallax of 3.2 mas.
Due to the large uncertainty on the luminosity, mainly due to the poorly determined surface gravity, the constraint on the distance is not strong. Inversely, a precise measurement of the parallax would improve the luminosity and surface gravity estimates since the mass is strongly constrained by the asteroseismology.
The neutrino luminosity of PG 0122+200
One of the main interests in studying PG 0122+200 is that it is predicted from theory to cool predominantly through neutrino emission (O'Brien et al. 1998; . Earlier estimates, based on a mass of PG 0122+200 as high as 0.66 M predicted a ratio of neutrino luminosity on photon luminosity of about 2.5 at the effective temperature of PG 0122+200. With the reduced total mass derived in the present paper, this ratio decreases accordingly. Compared to the predictions for a 0.60 M model of pre-white dwarf the ratio is 1.6 ± 0.2 in the case where the neutrino luminosity is estimated by using the normal rate from Ito et al. (1996) (see O'Brien & Kawaler 2000 for details). The quoted uncertainty includes only the uncertainty on the effective temperature of PG 0122+200. The ratio decreases to 1.2 ± 0.2 for the rates diminished by a factor of 3, and increases to 2.0 ± 0.2 for a rate enhanced by a factor 3. So, even with a somewhat reduced mass, PG 0122+200 is still a good candidate to test the physics of neutrino production in dense plasma. The ratio between the two main processes of neutrino production, the plasmon and the bremsstrahlung neutrino processes, is unsensitive to the adopted rate at the temperature of PG 0122+200. For the 0.6 M model, the luminosity predicted at the temperature of PG 0122+200 is ≈log(L/L ) = 1.0. The luminosity derived from the present asteroseismic study, log(L/L ) = 1.3 ± 0.5 is in good agreement with the theoretical predictions. However, its uncertainty is too large to provide any useful constraint on the correct rate of neutrino production. This large uncertainty comes from the poor spectroscopic derivation of the surface gravity. According to , modifying the rate of neutrino production by a factor 3, compared to the normal rate of Ito et al. (1996) , only changes the luminosity by ≈0.1 dex for the mass and the temperature of PG 0122+200. To discriminate between the different rates of neutrino production from PG 0122+200 observations, it would be necessary to improve the surface gravity measurement by at least one order of magnitude. This is probably a long way from the present uncertainty of 0.5 dex. A precise parallax measurement would better constrain the surface gravity. Another useful constraint on the neutrino rate should come from the measurement ofṖ for one or more untrapped modes.
Conclusions
From a set of new photometric multi-site campaigns on the PG 1159 pulsator PG 0122+200, we have identified 23 frequencies, distributed in 7 triplets and 2 single frequencies. We do not see any linear combinations of frequencies and we conclude that all the observed frequencies correspond to real stellar modes. The frequency distribution is remarquably stable since the discovery data which indicates that aṖ measurement is possible for PG 0122+200. Since all the observed multiplets are triplets, we interpret them as = 1 modes split by rotation. We derived an average rotational splitting of 3.74 µHz which translates into a period of rotation of 1.55 days. The observed periods range from 612 s to 336 s and are all compatible with = 1 modes. We find a correlation between the azimuthal order m and the amplitude, the largest amplitude modes being systematically the prograde components in their respective triplets. We update the value of the average period spacing, ∆P = 22.9 s. We identify a signature of mode trapping but the missing modes do not allow us to determine precisely the He-rich envelope mass fraction. However, we are able to identify trapped and untrapped modes. We show that the largest amplitude mode is probably a trapped mode, i.e. not suitable for the estimate of the cooling time scale from itsṖ measurement. We infer that the helium-rich outer layers mass fraction in PG 0122+200 seems to be much lower than in PG 1159-035, with −6.0 ≤ log(q y ) ≤ −5.3. The amplitude of the mode trapping suggests that the transition zone of large µ-gradient responsible for the mode trapping must be closer to the stellar surface in PG 0122+200 and in PG 1159-035 than in the hotter PG 1159 star RX J2117+3412. This is in agreement with the fact that between the evolutionary stages corresponding to RX J2117+3412 and the cooler stars PG 1159-035 and PG 0122+200, a substantial fraction of the He-rich outer layers have been eroded by mass-loss. From the period spacing, we derive a mass of 0.59 ± 0.02 M , in excellent agreement with the spectroscopically determined mass of 0.58 M derived by Werner & Herwig (2006) but in poorer agreement with the 0.53 M derived by Heber (1998) and Miller Bertolami et al. (2006) . From the asteroseismological mass, we evaluate the luminosity and the distance of PG 0122+200: log L/L = 1.3 ± 0.5, D 0.7 +1.0 −0.4 kpc. Both the luminosity and the distance cannot be better constrained due to the large uncertainty on the spectroscopically determined surface gravity. From the marginally weak asymmetry observed within the components of the triplets, we derive a possible limit to the strength of the magnetic field: B ≤ 4 × 10 3 G. Finally, we revise the predicted neutrino luminosity and conclude that PG 0122+200 is still a good candidate to check the value of the still uncertain neutrino emission rate. To reach that goal, aṖ measurement for the untrapped modes is underway.
